We model the late time evolution of a gamma-ray burst by two blobs of matter colliding with the inter stellar medium. We follow the hydrodynamical evolution of this system numerically. We calculate the image of the remnant produced by bremsstrahlung and by synchrotron emission. We compare our results to DEM L 316, an object consisting of twin expanding shells. Our results can be rescaled to fit a variety of initial energies an so may be also applicable to other non-spherical remnants.
Introduction
If a γ-ray burst (GRB) originate within a galactic disk then the large deposition of energy will result in a blast wave whose initial phase produces the afterglow. The late phase of the blast wave evolution would result, as noted by Chevalier (1974) in the context of supernova remnants (SNRs), in a cool expanding H i shell. The shell will remain distinct from it's surrounding until it has slowed down to a velocity of ≈ 10 km s −1 (Loeb & Perna 1998) , which should happen within 4.8E 0.32 52 10 6 yr where E 52 is the initial energy in units of 10 52 erg. The obserevd rate of GRBs is one per ∼ 10 7 yr per galaxy (Schmidt 1999) . This leads us to expect a few remnants per galaxy at any given time. There is evidence that some GRBs are beamed (Sari 1999) . Beamed GRBs will illuminate only a fraction f b of the sky, thus their rate should be higher by a factor of f −1 b , with f b ∼ 0.01 we would expect a hundred GRB remnants per galaxy.
Expanding H i shells have been found in many spiral galaxies (Tenorio-Tagle & Bodenheimer 1988) . The interior of these shells is relatively empty and their current expansion velocity is in the order of tens of Km s −1 . Models for the origin of these H i supershels involve a large number of spatially correlated supernova events (Heiles 1979 (Heiles , 1984 , infall of massive gas clouds on to the galactic plane (Tenorio-Tagle & Bodenheimer 1988) and flaring of radio lobes formed by jets ejected from the galactic nucleus during an active phase (Gopal-Krishna & Irwin 2000) . It has been previously noted (Efremov et al. 1998; Loeb & Perna 1998 ) that a subset of these H i supershells may be the late signature left by GRBs on the interstellar medium (ISM). Establishing how many of the H i shells are GRB remnants would make it possible to determine ǫ, the efficiency of converting the explosion energy into γ-rays, and the beaming factor f b (Loeb & Perna 1998) . A key distinguishing feature which would be unique to GRB remnants could be the beamed nature of GRBs. We model the late evolution of a beamed GRB by two blobs of dense material moving into the ISM in opposite directions and we follow numerically their hydrodynamical evolution. Our results can be rescaled to fit a variety of initial energies and final sizes. We compare our results to the smaller H i shells DEM L 316 (Williams et al. 1997 ) previously classified as two colliding SNRs could b the result of GRBs.
In section 2 we describe our model and the numerical methods. In section 3 we describe our results and we give the rescaling rules for different initial energies and final remnant sizes. We also compare our results with DEM L 316. Discussion and summary are given in section 4.
The Simulation

Model
We study the late evolution of the relativistic ejecta that caused a GRB. We assume this matter was ejected in the form of two ultra relativistic blobs moving in opposite directions with a bulk Lorenz factor Γ 100. The emission from internal collisions in the blobs during an early stage comprises the GRB. Late external shocks caused by collisions with circumstellar matter produce the afterglow. The matter slows down during this interaction and it's bulk Lorenz factor Γ, decreases. The ejecta stays collimated only until Γ drops below ∼ 1/θ 0 , at approximately 6.2(E 52 /n I ) 1/3 (θ 0 /0.1) 8/3 hr after the GRB (Sari et al. 1999 ) where θ 0 is the initial angular width and n I is the surrounding ISM number density in cm −3 . At this time the matter will start to expand sideways causing, for an adiabatic evolution, an exponential slowing down (Rhoads 1997) . The ejecta continues to expand sideways and move forward until it becomes non-relativistic. At this stage, we begin our simulation. Initially we are in the Sedov regime: while the mass is dominated by the "external" ISM gas, the energy is dominated by the kinetic energy of the ejecta. This in turn means that the exact shape of the ejecta at this stage is not important in determining the final morphology of the remnant.
We realize these initial conditions by two identical spherical blobs moving in opposing directions into the ISM. Both the blobs and the ISM are modeled by a cold γ = 5/3 ideal gas. The blobs are spherical, twice as dense as the ISM with a radius R 0 . They are separated initially by a distance of 4R 0 . The initial velocity of the blobs and the length scale can be rescaled as we explain in section 3. We follow the evolution as the blobs expand. The computational space is a cylinder with a radius 22.5R 0 and hight of 60R 0 .
Numerical Method
The code we use is based on the Newtonian version of the smooth particle hydrodynamics (SPH) code introduced in Ayal et al. (2000) . The code was adapted for the specific problem at hand. The three computationally important features of the problem we are investigating are the negligible role of gravity, the large amount of stationary gas representing the ISM, and the symmetry. The fact that gravity is not important in this problem has made the equations very simple and greatly increased the speed of the code. Implementing single particle time steps allowed us to put in a large volume of stationary gas without making a big impact on the computational time. This way most of the computational effort is invested in the "important" interacting particles. Typically only 0.1% of the particles were actually moved during each timestep.
The initial conditions are set up so that the blobs are on the z axis with velocity along the z axis. With these initial conditions there is a rotational symmetry about the z axis and reflection symmetry about the x − y plane. We implement the reflection symmetry exactly and the rotation symmetry only approximately. The implementation, similar to Libersky et al. (1993) , consists of considering only 1/8 (one quadrant) of the computational volume and adding reflecting boundary conditions on the three inner boundaries defined by the x−y, x−z, and y −z planes. We implement no outer boundary condition since the surrounding gas is very cold and there is almost no pressure so the outer particles gain only a negligible velocity throughout the course of the simulation. The quadrant we evolve consists of 95,700 SPH particles of which only 12 represent the initial blob, again stressing the total mass dominance of the ISM.
The reflecting boundary conditions are implemented using pseudo-particles. At the beginning of each timesteps, all particles which intersect one of the boundaries (In SPH each particle has a finite size called the smoothing length) are reflected about this boundary and added to the simulation as additional pseudo-particles. After this is done for all reflecting boundaries, we calculate all the time derivatives in the usual manner treating all particles in an equal way. When all time derivatives are calculated we delete all the pseudo-particles. Only the "real" particles are then advanced in time. This simple algorithm allows us to implement reflecting boundary conditions using only a small number (typically 10% of the totla number of particles for the three boundaries we use) of additional particles.
The evolution equations were solved using SPH, a Lagrangian particle based scheme for solving hydrodynamical problems. The use of SPH requires adding some artificial viscosity in order to resolve shocks. We use the standard artificial viscosity (e.g. Monaghan 1992; Benz 1990) consisting of a term analogous to bulk viscosity and a Von Neuman-Richtmyer artificial viscosity term. For time integration we used a second order Runge-Kutta integrator with adaptive stepsize control.
Since in this problem gravity plays no part, we have a total of three degrees of freedom in choosing units. We take ρ I , the mass density of the ISM to be 10 −24 gr cm −3 . This leaves us with two degrees of freedom. We choose to set E 0 , the initial kinetic energy of the blobs and the length scale. We make sure that in the resulting units the initial velocity of the blobs is less than c/10.
We note that we have also used the post Newtonian (PN) version of the code with an initial blob velocity of c/3. The results were similar to the Newtonian results since the blobs slow down rapidly. Within a few timesteps we again have a Newtonian blob velocity. In essence this is equivalent to slightly changing the initial shape of the blobs which, as noted before, is insignificant due to the mass dominance of the ISM. On the other hand by using a PN code we loose one of the degrees of freedom in choosing the units since we have to set c. This shortcoming of the PN results led us to show only the results from the Newtonian simulation.
Results
In presenting the results we rescaled the units so that the initial energy is E 0 = 5 × 10 50 erg, and the final remnant size is 74 pc. To convert these results to other initial energies E 0 and/or final sizes l f one can use the scaling rules
where the tilde denotes the new rescaled quantities and E, l, m and t are the given energies, lengths, masses and times respectively. Density is not affected by this rescaling. The initial velocity of the blobs is v 0 /c = 0.02 (l f /74 pc) −3/2 (E 0 /5 × 10 50 erg) 1/2 . In any subsequent rescaling one must make sure that this quantity is small in order that the Newtonian results are correct.
A bow shock forms as each blob collides with the ISM. The shock also propagates in the direction perpendicular to the blob's velocity and over time, backwards. The expected shape of the remnant will therefore be of two expanding shells which will eventually join, producing yet another shock. This behavior can be seen in the density contours, Fig. 1 .
We define the shell mass as all mass with density above 2ρ I and the mass inside the shell as all mass with density below ρ I /2. The evolution of these masses with time is linear (see Fig. 2 ). In the final configuration, the mass in the shell is ≈ 895 M ⊙ and the mass inside the shell, with a typical density of ρ I /10, is ≈ 170 M ⊙ .
Both the z position of the blobs and the maximal shock radius R can be fitted with a power law as shown in Fig. 3 . We note that R = 0.17(t/yr) 0.45 pc is close to the t 0.4 power law expected for a Sedov-Taylor blast wave (Sedov 1959) . The ratio z max /R can of course also be approximated by a power law as shown in Fig 4. This ratio decreases in time as a power law with an exponent of −0.18. The ratio reaches a value of 1 at t ≈ 5.2 × 10 5 yr. At this time the shock has a spherical shape with R ≈ 64 pc. Even then the shock will not be spherically symmetric since there would still be a ring of shocks around the "equator" where the shells have collided.
During the whole run, total energy is conserved to within 2%. In Fig. 5 we show E z the total kinetic energy in the z direction, E xy the total kinetic energy in the x − y plane and E i the total internal energy in the simulated volume. As the blobs interact with the ISM E i and E xy increase at the expense of E z . E xy increases until t = 5000 yr and then it decreases slowly. E i increases by a factor of 200, most of the increase occurs before t = 5000 yr. By the end of the simulation it is still increasing. In the final configuration 75% of the energy is in internal energy, 20% is in kinetic energy in the x − y plane and only 5% remains in the kinetic energy in the z direction.
Figures 6 and 7 depict the images of the remnant as a function of time and angles of inclination. We show images due to bremsstrahlung emission and synchrotron emission. The images are constructed assuming that all the gas is optically thin in the relevant frequencies. The bremsstrahlung luminosity (Fig. 6 ) was calculated assuming that the volume emissivity is proportional to ρ 2 ε 1/2 (Lang 1980) . In calculating the synchrotron emissivity (Fig. 7) we assumed that both the magnetic field energy density and the number density of the relativistic electrons are proportional to the internal energy density of the gas with the proportionality factors ǫ B and ǫ e respectively. We further assume that the relativistic electron number density is a power law in energy. Under these assumptions the volume emissivity is proportional to ρ 2 ε 2 (e.g. Shu 1991 ). In the late images there are two bright circles at the lines where the colliding blobs forming a hot shocked region. In figure  8 we show the characteristic frequencies of emission. For bremsstrahlung this is kT /h where T is the temperature of the gas. For synchrotron emission we assume ǫ B = 0.1. The characteristic frequency in this case is the synchrotron frequency eB/m e where e, B and m e are the electron charge, the magnetic field and the electron mass respectively.
Comparison with DEM L 316
In most bilateral H i shells it could be argued that the non spherical shape arises only from external non isotropies (e.g., Gaensler 1998). In one extreme case, DEM L 316 (Williams et al. 1997 ), the external model clearly fails, and it is thought to be a result of two SNRs colliding. We give a detailed comparison to this object with our results.
In order to compare our results with DEM L 316 we set the length and energy scales to obtain a similar energy and size to the detected object. We show the results in table 1. We note that, as opposed to our results, the two shells of DEM L 316 are not exactly identical. The age of the simulated remnant is twice the inferred age of DEM L 316. The energy is distributed in the simulation with 3/4 of the initial energy in thermal energy while in DEM L 316 we have no conclusive results. There is also a significant difference in the interior mass, which is much larger in the simulation.
The difference in shell sizes of DEM L 316 can be attributed to a non isotropic ISM surrounding the progenitor GRB or the different energies of the blobs emitted in opposite directions. The differences in ages is not significant since Williams et al. (1997) use an approximate relation to infer the age of DEM L 316 from it's expansion velocity and radius. It is also not surprising that the shell mass is similar in both cases since this mass is swept up from the surrounding ISM, and so for similar remnant sizes we will get similar shell masses.
Discussion
We follow the hydrodynamic evolution of two blobs colliding with the ISM. This scenario is a model for the late time behavior of matter ejected from a central engine producing a GRB. Our results can be rescaled to fit a variety of initial energies and final remnant sizes. We show that although initially the produced remnant is highly non-spherical, the ratio between it's height and radius will approach unity until it will become spherical in shape after a time of ≈ 5.2 × 10 5 (l f /74 pc) 5/2 (E 0 /5 × 10 50 erg) −1/2 yr. We show our results to be in good agreement with the highly unusual twin SNR DEM L 316.
Using these results, we can also propose an alternative explanation to the origin of highly non-spherical SNRs (Gaensler 1998 ) and H i shells. Instead of assuming an extrinsic model, namely spherical energy deposition into a non isotropic medium we propose an intrinsic model: non spherical energy deposition into an isotropic medium. Most remnant have four main observables: size, mass, energy and morphology. Unfortunately since the basic mechanism in both models is similar -a large instantaneous deposition of energy into the surrounding medium, the size, mass and energy of the remnants are similar for both models. In most cases the morphologies are also degenerate making it hard to distinguish between the models. Gaensler (1998) has found a tendency for the bilateral axis of the non-spherical SNRs to be aligned with the galactic plane which is strong evidence in favor of an extrinsic model. Still in cases like DEM L 316 it is clear that an exclusively extrinsic model cannot explain the morphology and it is here where our intrinsic model may provide a link between those SNRs and GRBs. (2.7 − 3.9) × 10 4 8.5 × 10 4 Shell size (height×width) [pc] 74 1.7-6 3.75 Table 1 : Comparison of simulation with DEM L 316. In the last column we give simulation results rescaled so that E 0 = 5 × 10 50 erg and the shell height is 74 pc.
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